This study was carried out to determine the changes in the lungs of the rat pups exposed to tobacco smoke during pregnancy period and to investigate the protective effects of alpha lipoic acid, which is administered during pregnancy, on these changes.
Introduction
Exposure to tobacco smoke during the prenatal period affects multiple organ system developments in neonatals such as nervous, respiratory and cardiovascular systems [1] . The harmful chemicals in all forms of tobacco smoke, such as nicotine and carbon monoxide (CO), rapidly pass the placental barrier and accumulate overdose in the fetal compartment [2] . It is known that these chemicals cause oxidation by increasing the production of superoxide anion from free radicals, and these oxidants cause damage to alveolar-capillary membranes. Therefore, it is thought that the underlying mechanism of damage caused by tobacco smoke on the lungs is due to oxidants [3, 4] . Surfactant protein-A (SP-A) is a surface tension reducing apoprotein which is very important in regulation of the surfactant concentration [5, 6] . Alterations in surfactant insufficiency or composition are one of the findings associated with inadequate lung development in the prenatal and neonatal period [7] . Vascular endothelial growth factor (VEGF) plays a key role in lung development and damage, regulating endothelial cell proliferation, mitogenesis, migration, differentiation, vascular permeability, mobilization of endothelial cell precursors [8] .
Programmed cell deaths, or apoptosis, of lung cells play an essential role in normal development of the respiratory system [9, 10] . Caspase-3 is involved in characteristic morphological changes in apoptotic cells, such as chromatin condensation, DNA fragmentation, and membrane budding [11] . Thus, Caspase-3 is an important predictor of the change in apoptosis levels in the lungs.
Alpha lipoic acid (ALA) is a non-enzymatic, natural, metabolic antioxidant [12] . Potential antioxidant function is achieved by passing two sulfur atoms in the structure through oxidation-reduction reactions [13] .
This study was fulfill to detect the histological, immunohistochemical and biochemical changes in the lungs of the rat pups exposed to tobacco smoke during gestation period, and to research the protective effects of ALA, which is administered during pregnancy, on these changes.
Materials-methods

Ethical approval
All experimental procedures including animals were confirmed by the local ethics committee of Firat University (07. 10 .2015, 2015/17-159).
Experimental design
This study was conducted at the Experimental Research Unit of Firat University (FUDAM). Rats were fed with standard rat chow and tap water freely available. 12-h light-dark cycles, 21 ± 1°C standard temperature and humidity conditions were provided. In the study, sixweeks old 28 Spraque-Dawley female rats weighing 160 ± 10 g were used. Animals were group housed from the start of the experiment until one week before the birth and then singly housed until the end of the experiment. The minimum number of animals required for the statistical evaluation of the difference between the groups in the obtained data was preferred. Rats were randomly divided into four groups: control, tobacco smoke (TS), tobacco smoke + alpha lipoic acid (TS + ALA) and alpha lipoic acid (ALA) (n = 7). The rats in the control group were untreated. Rats in the TS and TS + ALA groups were exposed to tobacco smoke twice a day for one hour starting from eight weeks before mating and during gestation period. 20 mg / kg of ALA (cat: 29,862 Lot: 002241-20161019, DL-α-Lipoic acid, Chem-Impex Int'l Inc, USA) was administered via oral gavage to the ALA and TS + ALA groups [14] . A glass cage was planned specifically for exposing the rats to tobacco smoke. The smoke of 10 g tobacco was put in the glass cage via air pump (AP-001 Aquarium Air Pump Xilong, China). Once after the birth, all administrations were stopped. On the 7th and 21 st days, 7 of the pups from each group were decapitated under xylazine (5 mg/kg)-ketamine (50 mg/kg) anesthesia. The lungs were removed rapidly and utilized for morphometric, histological, biochemical and quantitative real-time polymerase chain reaction (qRT-PCR) analyses as described below.
Histological evaluation
Lung tissue samples were fixed in 10% buffered formaldehyde, and then embedded in paraffin. Samples were cut at 5 μm thicknesses and stained with hematoxylin and eosin (H&E), Periodic Acid Schiff (PAS) and Masson's Trichrome staining and examined under light microscope (NovelN-800 M, Ningbo, China). Severity of lung injury was semiquantitatively assesed with the following changes: increased inflammatory cell, hemorrhagic areas, edema, interalveolar septal thickening, decrease in alveolar numbers, degeneration of some bronchi and bronchial epithelium, epithelial cells that were fallen into the lumen and hyaline membrane formation. Histoscores were given as 0= absent, 1= weak, 2= moderate and 3= strong for each parameter.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
ApopTagPlus Peroxidase in situ Apoptosis Detection Kit (Chemicon, cat no: S7101, USA) was used for determination of apoptotic cells. In the evaluation of TUNEL staining, cells with blue nuclei were normal, while brown nuclei belonged to apoptotic cells. At least 1000 cells were counted on each field. Apoptotic index was calculated as a ratio of the TUNEL positive cell number to the total cell number (normal + apoptotic cells).
Immunohistochemical evaluation
Avidin-biotin-peroxidase complex method was used to define SP-A, VEGF, Caspase-3 immunreactivities (RB-9031-P lot No: 9031P1505 A, Polyclonal Anti-VEGF Antibody, Thermo Scientific, SC-13977 lot No: G2314, Polyclonal Anti-SP-A Antibody, Santa Cruz Biotechonology, PA5-16335 lot No: QD2017719, Polyclonal Anti-Caspase-3 Antibody, Thermo Scientific) in lung tissue. The immunohistochemical histoscore was calculated with immunoreactivity prevalence (0.1: < 25%, 0.4: 26-50%, 0.6: 51-75%, 0.9: 76-100 %) and severity (0: no, +0.5: very little, +1: little, +2: medium, +3: severe). (Histoscore = prevalence × severity).
Biochemical evaluation of lung tissue
Malondialdehyde (MDA) concentrations were assessed according to a modified method of Placer et al. [15] . Glutathione (GSH) levels and superoxide dismutase (SOD) activities were measured respectively using the methods of Beutler and Sun et al. [16, 17] .
Calculation of relative lung weight
After decapitation, the lung tissues of pups were removed from peripheral fat tissues and then calculated the relative lung weights (Relative lung weight = (absolute lung weight (g) / body weight) x100).
Morphometric analysis
The radial alveolar count (RAC) method was performed strictly according to the method of Cooney and Thurlbeck [18] . According to this method, a linear line was drawn from respiratory bronchiole to the closest connective tissue septum. The number of alveoli cut by this line was then counted. Ten such counts were done from each pup lung.
qRT-PCR analysis
For Total RNA isolation from lung tissues, TRIzol reagent was used (Invitrogen, Carlsbad, CA). Random primed cDNAs were produced by reverse-transcription of total RNA samples by using High Capacity RNA to cDNA Synthesis kit (Invitrogen, Carlsbad, CA). A real-time PCR analysis was applied with the ABI Prism 7500 Fast Real Time PCR Instrument (Applied Biosystems, CA) using Tag Man Master Mix (Applied Biosystems, CA). Each value was standardized to the levels of GAPDH. The samples were quantified for SP-A (Rn-04338808_g1, Thermo Scientific) and VEGF (Rn01511610_m1, Thermo Scientific), utilizing the comparative Ct (ΔΔCt) method [19] .
Statistical analysis
Statistical analyses were implemented by SPSS 22.0 (Statistical Package for Social Sciences) software. The values were presented as the means ± standard deviation. The probability values (p) less than 0.05 were accepted as statistically significant. Statistical differences of the multiple groups with normal distribution were measured by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test.
Results
Body weight and relative lung weight values
It was shown that tobacco smoke exposure and ALA administration led to body weight changes. Significant decrease was observed in the E.E. Guzel et al.
Toxicology Reports 5 (2018) 714-722 weights of 7 days old pups in the TS group compared to the control group (p < 0.05). No significant difference was found between the other groups (p > 0.05). Also body weight and relative lung weight values are shown in Table 1 .
Morphometric measurements
In morphometric measurements performed with the RAC method, the alveolar numbers in the lung sections from 7-and 21-day old pups of the control and ALA groups were observed to be close to each other (p > 0.05). A statistically significant decrease was found in the alveolar numbers of the TS group when compared to the control group (p < 0.05). There was a significant increase in the alveolar numbers in the TS + ALA group compared to the TS group (p < 0.05) ( Table 1 ). In addition, an average 40% increase in the number of alveoli on days 7th and 21 st was calculated in the control, ALA and TS + ALA groups. But, this difference was 33% in the TS group.
Histological evaluation
Lung tissue slides of 7 and 21 days old pups were examined under the light microscope. In the histological evaluations; normal morphology was observed in the control group (Fig. 1a, Fig. 2a, b ). Increased inflammatory cell, hemorrhage, edema, interalveolar septal thickening, degeneration of some bronchi and bronchial epithelium, epithelial cells debris in lumen and hyaline membrane formation were examined in the TS group compared to the control group ( Fig. 1b-d , Fig. 2c, d ). These histopathological findings were observed to decrease in the TS + ALA group (p < 0.05). Also, hyaline membrane formation was not defined in this group (Fig. 1e, Fig. 2e ). On the other hand, in the ALA group similar findings were detected with the control group (p > 0.05) ( Fig. 1f, Fig. 2f ). The results of the histoscores are shown in Table 2 .
Evaluation of apoptosis in lung tissues
In TUNEL positive cell numbers in the TS groups compared to the control group, a significant increase was detected ( Fig. 3 
These findings decreased in the TS + ALA group (p < 0.05) ( Fig. 3 (A) c, (B)c). The number of TUNEL positive cells was evaluated in the ALA group similar to the control group (p > 0.05) ( Fig. 3 
The results of the apoptotic index are shown in Table 3 . 
Immunohistochemical findings
SP-A immunoreactivity was observed in bronchiol epithelium and Type 2 alveolar cells, while VEGF immunoreactivity was observed in alveolar epithelial cells, vascular and bronchial smooth muscle cells ( Fig. 4(A) a, (B)a; Fig. 6(A)a, (B)a) . Both SP-A and VEGF immunoreactivities in the lung tissues from 7 and 21-day old pups, a significant decrease was observed in the TS group compared to the control group (p < 0.05) ( Fig. 4(A) Table 3 .
qRT-PCR analysis
Following maternal tobacco smoke exposure, a significant decrease in SP-A and VEGF mRNA levels in lung of the TS group was obtained (p < 0.05). However, the ALA administration increased both SP-A and VEGF mRNA levels in the TS + ALA group (p < 0.05) ( Table 3 ).
Biochemical results
MDA levels and GSH, SOD activities were shown in Table 4 . In the TS group compared with the control group a significant increase was found in the levels of MDA (p < 0.05). In the TS + ALA group compared with the TS group a significant decrease was found in the levels of MDA (p < 0.05). SOD and GSH enzyme activities in the TS group significantly decreased compared to the control group (p < 0.05). Also, a significant increase in SOD and GSH enzyme activities was found in the TS + ALA group compared with the TS group.
Discussion
This study is the first study conducted to assess the effects of ALA, inflammatory cell increase 0,00 ± 0,00 0,14 ± 0,37 2,00 ± 1,00 a 2,29 ± 0,75 a 1,00 ± 0,81 ab 1,00 ± 0,81 ab 0,29 ± 0,48 b 0,29 ± 0,48 b hemorrhagic areas 0,14 ± 0,37 0,14 ± 0,37 2,71 ± 0,48 a 2,57 ± 0,53 a 1,29 ± 0,48 ab 1,29 ± 0,75 ab 0,71 ± 0,48 b 0,71 ± 0,48 b Edema 0,00 ± 0,00 0,14 ± 0,37 2,57 ± 0,78 a 2,57 ± 0,78 a 1,43 ± 0,78 ab 1,14 ± 0,69 ab 0,86 ± 0,69 b 0,86 ± 0,69 b interalveolar septal thickening 0,29 ± 0,48 0,29 ± 0,48 2,29 ± 0,75 a 2,00 ± 1,00 a 1,00 ± 0,57 ab 1,00 ± 0,48 ab 0,14 ± 0,37 b 0,43 ± 0,53 b degeneration of epithelium 0,00 ± 0,00 0,00 ± 0,00 2,14 ± 0,69 a 2,29 ± 0,75 a 0,57 ± 0,53 b 0,57 ± 0,53 b 0,29 ± 0,48 b 0,29 ± 0,48 b cell debris in the lumen 0,00 ± 0,00 0,00 ± 0,00 2,00 ± 1,00 a 2,00 ± 1,00 a 0,86 ± 0,37 b 0,86 ± 0,69 b 0,43 ± 0,78 b 0,43 ± 0,78 b connective tissue increase 0,00 ± 0,00 0,14 ± 0,37 1,28 ± 0,48 a 2,43 ± 0,53 a 0,71 ± 0,48 ab 1,00 ± 0,57 ab 0,43 ± 0,53 b 0,57 ± 0,53 b an effective antioxidant, against the possible harm that maternal tobacco smoke exposure may cause on newborn lungs. Although it is stated in the literature that ALA creates positive effect in various experimental damage models, studies about its gestational use and intrauterine development are very limited. Oxidative stress due to increased reactive oxygen species inside the tissue constitutes the basis of the harm on newborn lungs that maternal tobacco smoke exposure caused. Studies revealed that maternal tobacco use or exposure causes failure of newborn lung functions, and has several negative effects on lung structure and metabolism [20, 21] . In the study, the increase of relative lung weight of postnatal 7 days old rats exposed to tobacco smoke is thought to be edema related. It is suggested that the rapid increase in body weights during lactation period is responsible for the insignificant difference between relative lung weights of postnatal 21 days old rats.
RAC (radial alveolar count) is a morphometric method giving information about intrauterine, early-late postnatal and childhood lung developments by revealing alveoli counts in lungs [18, 22] . İn rats, it is presented that cigarette exposure during intrauterine period causes reduction in alveoli counts and disturbs alveolarization with negative effects on lung development [23, 24] . In the study, decrease in alveoli counts measured with the RAC method in lung tissues of postnatal 7 and 21 days old tobacco smoke group was observed. It is suggested that this decrease is an indicator of lung development retardation due to tobacco smoke exposure, and ALA administration can help alveolarization by increasing alveoli counts. There are many studies in rodents about tobacco smoke causing histopathological changes in lungs [25, 26] . Airway epithelial and endothelial cells are known to be direct targets of damage induced by tobacco smoke [27] . Nicotinic acethylcoline receptors (nAChRs) that are receptors of nicotine in tobacco smoke is detected in lung epithelial and endothelial cells and it is stated that the histopathological changes may take place in lungs by nAChR pathways [28] . Reactive oxygen species (ROS) cause endothelial barrier dysfunction, thicken alveolar walls due to fibril accumulation, and cause hemorrhage because of endothelial damage and edema by increasing inflammatory cells generating an increased macromolecule and fluid permeability [29, 30] . Activated neutrophils deposited in small vessel of lungs release many toxic mediators such as protease, ROS, proinflammatory cytokine by degranulation and after these events along with the increase in vascular permeability, also loss of endothelial barrier function gradually increases. In a study with humans, environmental tobacco smoke has been shown to increase circulating inflammatory cytokine levels [31, 32] . Accordingly, cell deaths occur through apoptosis and necrosis in the bronchi, bronchioles and alveolar epithelial cells [31] . Insufficient production of surfactants due to increase in type 2 alveolar epithelial cell deaths leads to atelectasis, reduced gas exchange and severe hypoxia [33] . And this hypoxic situation causes an increase in endothelial, alveolar and bronchiolar cell necrosis by creating a further damage in pulmonary cells. As a result of the vascular damages that occurred, along with the leaking plasma into alveolar space, necrotic type 2 alveolar cells come together with fibrin and form hyaline membrane structures around the alveoli [34] . Also while the alveolar epithelium normally absorbs the developing edema, in this case due to the damage to the epithelium edema absorption cannot occur properly [35] . In the study, it is suggested that a large part of these histopathological findings of lung tissue is connected to the increased ROS. In addition, the result of the evaluation conducted with TUNEL staining and caspase-3 immunoreactivity that are apoptotic cell markers, supports the increase of apoptotic cells due to ROS caused by tobacco smoke exposure. Besides, the increase of the ROS causes membrane peroxidation in cells, MDA formation and leads to a decrease in endogenous antioxidant levels [36] . In the study, it is found that increased tobacco smoke-induced ROS increases the level of MDA in the lungs, while dropping the levels of glutathione (GSH), which is one of the most important antioxidants participating in the endogenous defense system against free radicals, together with SOD activity. This find supports the view of damage caused by oxidative stress, as well.
Clear information on how tobacco smoke exposure disrupts alveolarization is not revealed but some clues give rise to the idea that it may be associated with varying angiogenesis in lungs. It is indicated that development of airways and alveoli is closely associated with vasculature development of these structures in coordination [37] . This synchronized development is controlled by growth factors such as VEGF [38] . In the study, it is suggested that decreased VEGF immunoreactivity and mRNA levels because of tobacco smoke exposure Toxicology Reports 5 (2018) 714-722 are indicators of lung damage and that the reduction in vascularization might be related with reduced alveoli counts. In addition, VEGF deficiency is being correlated with surfactant production failure in type 2 alveolar cells and hyaline membrane disease seen in newborn mice [39] . It is suggested that decreasing VEGF immunoreactivity in tobacco smoke exposure group postnatal 7 and 21 days old pulmonary sections is associated with the declining of SP-A immunoreactivity, also in connection with this, hyaline membrane structures evolved. Tobacco smoke is known to increase the production of peroxynitrite, one of reactive oxygen species [40] . It is reported that reactive oxygen species such as nitric oxide and superoxide anion increase the levels of peroxynitrite in tissues, increasing peroxynitrites reduces the levels of VEGF produced from epithelial cells by causing oxidative damage, reduced VEGF levels increase apoptosis in endothelial cells [41] .
In the light of this information, it is suggested that the reduced VEGF immunoreactivity depending on tobacco smoke also supports the finding of increased apoptosis.
Failure in the metabolism of surfactant homeostasis is thought to be caused by lipid peroxidation as a result of oxidant/antioxidant imbalances due to oxidative stress. It is reported that the damages in pulmonary surfactant are related with many pulmonary diseases such as hyaline membrane disease, asthma and COPD and that the SP-A levels may be used as an indicator for the diagnosis [42, 43] . The final effect of intrauterine exposure to tobacco smoke on pulmonary surfactant is not clear. However, it is stated that oxidative stress increased with cigarette smoke exposure decreases the thyroid transcription factor-1, which is the critical transcription regulator for SP-A, and in this way can cause reduced SP-A production [44, 45] . With this study, it can be said that increased oxidative stress depending on tobacco smoke reduces SP-A immunoreactivity and mRNA levels by both interrupting surfactant metabolism and causing VEGF deficiency.
Glucose is reported to be a key substance used in energy production and biosynthesis of pulmonary surfactant by alveolar type II cells [46] . Irreversible suppression of glycolytic pathway and glycogenolysis in newborn lungs due to maternal nicotine was identified by Kordom et al. [47] . In earlier studies done with rats, it is reported that cigarette smoke reduces the energy dependent surfactant produced from lamellar granules and lipid secretions by disrupting the function of pulmonary mitochondria [48, 49] . In the study, it is suggested that the increased free radicals due to tobacco smoke can lead to a lack of energy required for protein phospholipid synthesis by suppressing the glycolysis, also ALA, acting as a cofactor in α-ketoglutarate dehydrogenase and pyruvate dehydrogenase enzymes in mitochondria, can contribute to energy production for surfactant synthesis by providing glucose uptake into cells and increasing glucose oxidation.
A decrease in GSH, SOD, CAT and GPx antioxidant levels of smoking individuals has been reported in humans [50] . Antioxidant deficiency is thought to be one of the essential reasons for chronic and degenerative pathological situations [51] . Thioctic acid, also known as ALA, is potential antioxidant showing biological activity in cells, involved in metal ion chelation, exogenous and endogenous antioxidant regeneration and repair of oxidized proteins. In a study with rats, it is stated that dietary intake of ALA can ameliorate the histopathological changes in lungs caused by oxidative damage due to maternal tobacco smoke exposure with a protective effect [52] . In addition, decreasing pulmonary MDA levels with increasing GSH level and SOD enzyme activities together with ALA administration is supportive of the information about ALA clearing many oxygen species such as hydroxyl, superoxide and peroxyl radicals and regenerating antioxidants such GSH, tocopherols and ascorbic acid. 
Conclusion
In conclusion, when the results of our study are evaluated together, it is suggested that the exposure of tobacco smoke during gestation period gives rise to morphological, histopathological and functional changes on lung development by causing oxidative damage in lung tissues of rat pups and the maternal use of ALA, which is known to have strong antioxidant properties, can ensure a limited protective effect on the neonatal lung development against this oxidative stress originating from tobacco smoke. Although smoking threatens human health in all circumstances, it has a serious negative impact on the development of the baby, as well as the damage it inflicts on the mother. But although pregnant women are increasingly aware of this issue, environmental tobacco smoke exposure is still a widespread problem. For this reason, when the findings of this study are evaluated together, this damage can be partially reduced by conscious and controlled ALA supplements in pregnancy.
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